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Alteration of membrane surface charges represents one of the most interesting effects of the electromagnetic exposure on biological structures.
Some evidence exists in the case of extremely low frequency whereas the same effect in the radiofrequency range has not been detected. Changes
in transmembrane voltages are probably responsible for the mobilization of intracellular calcium described in some previous studies but not
confirmed in others. These controversial results may be due to the cell type under examination and/or to the permeability properties of the
membranes. According to such a hypothesis, calcium oscillations would be a secondary effect due to the induced change in the membrane voltage
and thus dependent on the characteristics of ionic channels present in a particular preparation. Calcium increases could suggest more than one
mechanism to explain the biological effects of exposure due to the fact that all the cellular pathways using calcium ions as a second messenger
could be, in theory, disturbed by the electromagnetic field exposure. In the present work, we investigate the early phase of the signal transmission
in the peripheral nervous system. We present evidence that the firing rate of rat sensory neurons can be modified by 50/60 Hz magnetic field but
not by low level 900 MHz fields. The action of the 50/60 Hz magnetic field is biphasic. At first, the number of action potentials increases in time.
Following this early phase, the firing rate decreases more rapidly than in control conditions. The explanation can be found at the single-channel
level. Dynamic action current recordings in dorsal root ganglion neurons acutely exposed to the electromagnetic field show increased functionality
of calcium channels. In parallel, a calcium-activated potassium channel is able to increase its mean open time.
© 2006 Elsevier B.V. All rights reserved.Keywords: Electromagnetic field (EMF); Extremely low frequency (ELF); Radiofrequency (RF); Dorsal root ganglion (DRG); Ca and K single channel; Firing rate1. Introduction
A broad literature exists on possible biological effects, both
in vivo and in vitro, of electromagnetic field (EMF) exposure.
In spite of a great deal of results, it is necessary to observe
that, even considering the same biological endpoint, it is often
difficult to obtain a good repeatability of data among different
laboratories, thus generating conflicting results about possible⁎ Corresponding author. Tel.: +39 6 49912683; fax: +39 6 49912351.
E-mail address: michele.mazzanti@uniroma1.it (M. Mazzanti).
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doi:10.1016/j.bbamem.2006.03.014effects. In particular, not only macroscopic analysis on cell
survival, using homogeneous primary cultures obtained from
humans and animals, have been unable to give a unique
response, but also investigations at sub-cellular level failed to
explain the sporadic alterations observed after the EMF
exposure [1,2]. In fact, if a detectable modification exists, it
is not constant and occurs always following activation of
complex cellular mechanisms [3]. Some studies on intracel-
lular calcium have been performed using 50 Hz magnetic
fields [4–8], even if the few positive results have not been
independently replicated [9]. Nevertheless, even in the few
cases where the EMF appeared to be involved in cellular
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mechanism of interaction between EMF and biological
structures, hence the scientific debate on this matter is still
open.
In a previous study, we have shown that extremely low
frequency (ELF) EMFs interfere with the in vitro differentiation
of NG108-15 neuroblastoma×glioma cells [10]. The hypoth-
esized mechanism of interaction between EMF and chemical-
induced differentiation is based on two antagonist cellular
events. ELF EMFs are able to prevent the potential shift due to
surface charge alteration linked to the cell commitment to
differentiation [11,12]. However, it simultaneously stimulates
the increase of intracellular calcium and thus the opening of
calcium-dependent potassium channels, re-establishing cell-
membrane potential values required for differentiation. In
NG108-15 cells exposed to low intensity ELF EMF, the two
mechanisms appear to be distinct. The magnetic field counter-
acts hyperpolarization while intracellular calcium is not
sufficiently high.
In the present study, we move from these previous results
into testing the hypothesis that the EMF modulates cell firing in
dorsal root ganglion (DRG) neurons. The investigation puts side
by side exposures to low-level ELF EMF (50 Hz, 125 μT
magnetic field) and RF (900 MHz, specific absorption rate
(SAR) of 1 W/kg) using the same experimental protocol. The
employed values for induced SAR and magnetic field are, in
both cases, representative of low-level exposures, being,
respectively, below or just above the limits stated by
international standards (peak SAR of 2 W/kg at RF; magnetic
induction of 100 μT at 50 Hz) [13]. In particular, an ELF
magnetic field of 125 μT was already proven to be the most
effective in intracellular Ca mobilization [10], whereas a SAR
of 1 W/kg has been chosen as representative of a realistic
exposure condition. The comparison between two experiments
concerns physiological observations at the macroscopic level
of cell behaviour (action potential) and molecular protein
dynamic events (single ionic channel current). The choice of
DRG neurons was not incidental. In these cells, the
oscillation frequency of the membrane potential is correlated
with the stimulus intensity. Cell firing establishment and
modulation respond to a complex equilibrium of membrane
ionic currents.
The aim of the present investigation is to highlight possible
interactions between EMF and membrane potential oscillations.
By dissecting single ionic permeability in channels active
during the action potential burst, the intent is to undercover, at
the molecular level, the mechanism of action of EMF
stimulation at different frequencies.
2. Methods
2.1. Cell cultures
DRG cells of adult rat were prepared by enzymatic digestion, following the
procedure of Ferroni and colleagues [12]. After 12 to 24 h in tissue culture
medium, and immediately preceding the experiments, we washed the cells in
bath solution (in mM): 142 NaCl, 5 KCl, 2 CaCl2, 0.5 MgCl2, 10 HEPES,
adjusted to pH 7.35.The whole-cell electrode for measuring voltage contained an intracellular-
like solution, consisting of 120 KAsp, 20 tetraethylammonium (TEA), 10 NaCl,
2 MgATP, 0.1 BAPTA, 10 HEPES, adjusted to pH 7.35. The cell-attached
electrode for measuring patch currents contained (in mM): 20 BaCl2, 70 NaCl,
1 EGTA, 0.003 tetrotodotoxin (TTX), 5 TEA, 10 4-aminopyridine (4-AP), 10
HEPES, adjusted to pH 7.35. All experiments were performed at room
temperature.
2.2. Electrophysiology
We used standard current-clamp and single-channel recording techniques.
The bath solution (pH 7.32) contained (in mM): 133 NaCl, 4 KCl, 2 MgCl2,
2 CaCl2, 10 HEPES, 5 Glucose. The electrode solution (pH 7.32) for action
potential detection contained (in mM): 10 NaCl, 120 KAsp, 2 MgCl2, 4 CaCl2,
10 HEPES, 10 EGTA, Mg-ATP 3. To record single Ca current, we filled the
electrode with (in mM): 72 Choline-Cl, 3 KCl, 1 MgCl2, 20 BaCl2, 10 HEPES,
10 TEA-Cl, 10 4AP, 24 Glucose. For single K-channel recording, we used in the
pipette the bath solution (see above). We used an Axon 200B patch-clamp
amplifier (Axon Instruments, Novato, CA, USA) to record membrane voltage,
action potentials and single-channel currents. Experimental traces were digitized
(0.2 ms sampling rate), filtered at 1000 Hz, and analyzed using PClamp
8 programs (Axon Instruments, Novato, CA, USA).
Data are presented as mean±S.E.M. Values obtained from different
experiments were tested for statistical differences using independent two
population t test (Origin software; Origin Lab, Northampton, MA).
2.3. Hz EMF exposure
50 Hz EMF was continuously provided to the cell under observation on the
inverted microscope head stage. In order to perform the electrophysiological
measurements in the presence of EMF, the experimental chamber was encircled
with a Helmholtz device using coils made out of isolated copper wire each field
intensity being calibrated. The field was measured at the beginning and at the
end of each experiment. Throughout all experiments we used an EMF at 50 Hz
with a magnetic induction of 125 μTrms, since, in the previous paper [10], this
was the most effective field intensity to induce mobilization of intracellular Ca
after 2-min stimulations. For control experiments the current flowing in the coil
was zeroed by switching off the waves generator. The sequence on/off of EMF
was randomly decided during each experiment.
The maximum value of the induced electric field was negligible, being about
0.48 mV/m. All experiments were performed at room temperature. However, the
Petri dish temperature was monitored throughout a few complete experiments to
make sure there was no unwanted bath solution temperature changes. The
resulting working range was between 24.6 and 26.2 °C.
2.4. 900 MHz EMF exposure
The exposure system used [14] is based on a coplanar waveguide
(CPW), an open propagating structure with a dielectric substrate on which
three metallic strips are deposited [15]. Choosing glass as the dielectric
substrate, it was possible to design a system suitable to replace the
microscope head stage. This permits the usual operating mode in patch-
clamp recordings, and, at the same time, guarantees the concentration and
focusing of EMF lines close to the exposure zone. Moreover, in a CPW, the
direction of the E field is almost parallel to the Petri surface and, as a
consequence, orthogonal to the glass microelectrode. In this way it is
possible to minimize the interference of the field with the electrode (i.e. with
the current being measured).
The frequency operating range of the system is between 800 and 2000 MHz
and its efficiency, experimentally evaluated, is around 20 W/kg/W at 905 MHz.
Further technical details can be found in the literature [14].
During the experimental recordings, exposure conditions have been
guaranteed by a microwave radiation set-up [15], which is able to implement
different signal patterns, like continuous wave (CW) and GSM standard [16],
through an automated procedure. In these investigations we use a 900 MHz
CW at a SAR value of 1 W/kg. All experiments were performed at room
temperature. However, Petri dish temperature during 900 MHz continuous
Fig. 1. Single action potentials under EMF exposure. (a) Average of 20 stimulated action potentials from DRG neurons under control conditions (continuous line) and
during exposure to 50 Hz EMF (dotted line). (b) Same experiment as in panel a with exposure to 900 MHz EMF.
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the temperature after 30-min exposure. The average temperature during this
time was 24.2±0.6 °C without any correlation between control and exposed
culture cells.Table 1
Single action potential biophysical parameters
Control 1 50 Hz Control 1 900 MHz
MP (mV) 62.0±4.1 62.0±4.1 60.0±5.0 62.0±3.4
dV/dt (mV/ms) 41.0±3.6 40.0±4.5 47.0±6.2 45.0±7.0
dV/dtmax (mV/ms) 60.0±3.7 62.0±4.5 58.0±4.0 61.0±3.8
The table reports resting membrane potential (MP), threshold potential (dV/dt),
and dV/dtmax. Reported values are relative to control (control 1) and exposure
conditions (50 Hz or 900 MHz).3. Results
The purpose of this study was a qualitative comparison,
using the same preparation, patch-clamp unit, and experimental
protocols, between the effects of two different EMF stimula-
tions on the electrophysiological properties of isolated adult rat
DRG.
DRG neurons are able to produce either single or repetitive
action potentials (AP) upon sudden membrane depolarization.
Fig. 1depicts induced APs under ELF and RF EMF exposure.
We analyzed a total of 6 experiments composed of several
action potentials, induced every 10 s, alternating control
conditions and exposures to ELF or RF EMFs. In Table 1, we
compare the values of several biophysical parameters (resting
membrane potential (MP), threshold potential (dV/dt), and dV/
dtmax), averaged over 20 APs in exposed and unexposed
conditions for the two frequencies. As evident from Table 1, the
exposures do not significantly modify the examined parameters.
If there were no apparent influence of EMF exposure on the
single AP, results are different for stimulated firing. In Fig. 2, we
show the effect of both ELF and RF exposures during
membrane potential sustained depolarization. In control condi-
tions (top of Fig. 2a), 500 ms of current injection produced an
action potential burst of 30 Hz frequency. Subsequent
depolarizations were applied every 10 s. When the ELF EMF
was present, we first observed an increase in the firing rate
frequency (40 Hz) (Fig. 2a, second from the top). However, the
following action potential bursts showed a marked decrease of
the frequency, failure in repetitive firing (Fig. 2a, third from the
top) and, most of the time, a complete silencing of the action
potential burst (Fig. 2a, fourth from the top). The removal of the
field was sufficient to re-establish the initial firing frequency
(Fig. 2a, control trace at the bottom). The same experiment was
repeated using 900 MHz field exposure. Even after 15
consecutive 500 ms depolarizations, the firing burst wasunaltered and did not present any apparent modification in
firing frequency (Fig. 2b).
To investigate whether one or more ionic conductance
played a role during the modification of the firing rate caused
by the exposure, we monitored the behaviour of single-
channel events under the influence of the EMF. The first ion
pathway we considered was the L-type calcium channel. In
previous works, we extensively characterized this channel
permeability in DRG neurons, both during the spontaneous
action potential [17,18] and in steady state conditions [19]. In
such investigations, we first fixed the resting potential of the
cell to 0 mV using an external solution where Na was
replaced by K. Under this condition, we clamped the patch
membrane potential to −60 mV and stepped the voltage to
−20, −10, 0 and +10 mV (data not shown). We calculated a
single channel conductance of 22.4±1.5 pS, in agreement
with the typical value for L-type calcium channel under these
experimental conditions [19]. Fig. 3adepicts, on the left, three
examples of 2 s single-channel recordings at 0 mV
membrane potential, obtained under control conditions. The
current traces in the centre are relative to 50 Hz exposure. It
is quite visible that ELF stimulation increases the open
probability of the channel. After EMF exposure (right
column), the re-establishment of initial behaviour of the
channel is observable. Panel (b) shows results of the same
experiment repeated exposing the cell to 900 MHz EMF. In
Fig. 4, we present an example of amplitude histograms, open
and closed times distributions, for a single calcium channel
before, during and after EMF exposure. In panel (a), the
plots are relative to control conditions before exposure (left
Fig. 2. EMF effect on DRG-stimulated firing properties. (a) Following a 500 ms current pulse injection (bottom), the single neuron is able to produce an action
potential train. Current injection was delivered every 10 s. Once the firing rate was stabilized, we applied 50 Hz EMF. The second trace from the top, recorded after
10 s of EMF exposure, shows a firing rate increase. However, in the following recordings (3rd and 4th traces from the top), the firing rate decreased, presented
some failure and finally stopped. The bottom voltage trace represents the recovery in the absence of EMF after 2 min. (b) Firing rate did not experience any
changes when 900 MHz EMF was applied to a stimulated firing neuron (2nd, 3rd, and 4th voltage traces). Firing rate remained unaltered before, during, and after
EMF exposure.
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stimulation (right column). In Fig. 4b, the central column is
relative to 900 MHz EMF stimulation. Among 14 experi-
ments at 50 Hz, effects were detected only in 5 of them that
were subsequently analyzed. In 22 experiments at 900 MHz,
we never detected any alteration in channel property. All the
data reported in Table 2 are average±S.E.M. (see Methods)
of 5 experiments at both 50 Hz and 900 MHz in which we
recorded single calcium channel openings at −10 mV test
potential. All the parameters considered in the table did not
show any significant changes concerning RF stimulation. No
changes occurred also in the single channel conductance and
in the mean open time during ELF EMF exposure. However,
both the open probability and the mean close time resulted
statistically different (n=5; P<0.05) from unexposed channelFig. 3. Effect of EMF exposure on single calcium channel. (a) Three examples of ioni
during (centre), and after (right) 50 Hz EMF exposure at 0 mV test potential. In panopenings. To confirm our hypothesis of a possible membrane
potential shift caused by 50 Hz EMF via mobilization of
plasma membrane surface charges [10], we examined the Po
as a function of the voltage. In Fig. 5, we show the
calculated Po versus membrane potential (from −20 mV up
to +10 mV) under control conditions (squares) and 50 Hz
exposure (circles). Although changes in Po are statistically
different only for 0 and −10 mV (n=5; P<0.05), there is an
evident shift towards negative voltage values for the EMF
related curve.
As a further investigation, we analyzed the delayed rectifier
(DR) potassium channel activity. The single channel current is
visible during the spontaneous action potential using the
experimental procedure previously described [17]. The average
single-channel conductance is 35.50±0.03 pS (n=4) accordingc single Ca channel current traces recorded under control conditions before (left),
el b, the same experiment with exposure to 900 MHz EMF (trace in the centre).
Fig. 4. Analysis of calcium single channel current. In panel a we show amplitude histograms (top), open-time (middle), and close-time (bottom) plots calculated for
single channel current traces under control conditions before, and after the exposure (left and right columns), and during the exposure to 50 Hz EMF (central column).
Panel b shows the same type of graphs. The central column concerns data obtained during exposure to 900 MHz EMF.
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open probability and open and close times in control conditions
and under 50 Hz and 900 MHz EMF exposures are reported in
Table 3. Changes in calculated parameters are not statistically
significant (n=4), therefore, it appears clear that the DR ionic
channel is not involved in the decrease of firing frequency
observed when the cells were exposed either to an ELF or to an
RF EMF.
Taking into account that 50 Hz EMF exposure induced
changes in dynamic behaviour of the high threshold calcium
channel and an increase in intracellular calcium concentration
[10], it is reasonable to think that ELF EMF exposure could
indirectly interfere with calcium-activated potassium channels
(KCa). In DRG neurons the channel conductance value is
149±8.4 pS. In Fig. 6, patch-clamp on-cell recordings with
single KCa channels exposed to EMF are shown. Fig. 6a
depicts on the left three examples of 2 s single-channel
recordings at −10 mV membrane potential obtained underTable 2
Single L-type calcium channel biophysical parameters
Control 1 50 Hz Contr
pA 0.838±0.09 0.852±0.07 0.825
Po 0.119±0.016 0.191±0.02 0.115
τo 1 0.29±0.05 0.62±0.03 0.23
2 3.61±0.08 3.15±0.09 3.20
τo 1 0.88±0.1 0.51±0.1 0.65
2 10.3±0.26 1.99±0.08 11.78
The table reports channel amplitude (pA), open probability (Po), open (τo) and close (
before (control 1) during (50 Hz or 900 MHz) and after (control 2) EMF exposure.control conditions before EMF exposure. The current traces
in the centre are relative to 50 Hz exposure, where it is quite
visible that ELF stimulation increases the open probability of
the channel. After EMF exposure (right), the initial
behaviour of the channel is re-established. Panel (b) depicts
results of the same experiment repeated exposing cells to RF
EMF. In Fig. 7, we present an example of amplitude
histograms and distributions of open and closed times for a
single KCa channel, before, during, and after EMF exposure.
In panel (a) the plots are relative to control before exposure
(left column), 50 Hz stimulation (central column), and
control after stimulation (right column). In panel (b) the
central column is relative to 900 MHz field stimulation. The
values of analyzed parameters, reported as mean±S.E.M.
(n=3; P<0.05), are summarized in Table 4, showing an
evident increase in the open probability for the exposure to
50 Hz EMF. This is related to changes in channel dynamic
behaviour evidenced by longer open times and correspondentol 2 Control 1 900 MHz Control 2
±0.1 0.844±0.08 0.885±0.06 0.829±0.12
±0.04 0.12±0.02 0.13±0.04 0.11±0.01
±0.05 0.17±0.04 0.15±0.02 0.23±0.04
±0.03 3.60±0.11 5.57±0.09 4.21±0.13
±0.1 0.32±0.1 0.41±0.1 0.60±0.1
±0.17 12.68±0.22 14.76±0.32 9.30±0.21
τc) channel constants at −10 mV membrane test potential. The values are shown
Fig. 5. Comparison between the open probability plots of a single L-type
calcium channel in control condition (squares) under exposure to 50 Hz (circles)
EMF.
Table 3
Single DR potassium channel biophysical parameters
Control 1 50 Hz 900 MHz
pA 1.37±0.08 1.37±0.08 1.37±0.08
Po 0.58±0.08 0.54±0.13 0.48±0.11
τo 1 7.12±0.16 6.5±0.4 7.54±0.3
2 49.08±0.17 47.03±0.13 52.04±0.35
τo 1 5.6±0.12 5.8±0.12 5.9±0.28
2 60.5±0.13 62.9±0.25 57.81±0.21
The table reports channel current amplitude (I), open probability (Po), open (τo)
and close (τc) times. Reported values are relative to control (control 1) and
exposure conditions (50 Hz or 900 MHz).
Fig. 6. Effect of EMF exposure on single calcium-activated potassium channel:
(a) three examples of ionic single potassium channel current traces recorded in
control conditions before (left), during (centre), and after (right) 50 Hz EMF
exposure at −10 mV test potential. In panel b, the same experiment with
exposure to 900 MHz EMF (trace in the centre).
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hypothesis that the effect of the ELF EMF on KCa channel is
indirect and mediated by intracellular calcium concentration.
The increase in the open probability of a single KCa channel
during the ELF exposure was detected in 3 of 12
experiments.
The modulatory effect of ELF EMF on calcium channels,
and consequently on calcium-activated potassium permeability,
and the absence of effects of RF EMF can be also tested
employing the action-current clamp mode [21] to prevent
cytoplasmic manipulation due to the whole-cell electrode. In
this configuration, it is possible to highlight the influence of
50 Hz field on the spontaneous firing frequency. Fig. 8a shows
50 s continuous on-cell recording from spontaneous oscillating
DRG neurons, where the capacitive transient, corresponding to
a cell potential overshoot, gives a precise measurement of the
firing activity. After 2 s of action currents recordings, we
applied a 50 Hz EMF for 15 s (grey horizontal line) and a drastic
reduction of the spontaneous excitability rate was observed after
7–8 s from field application, whereas recovery occurred 10 s
after the field removal. We then reactivated the EMF exposure
for 2 s. In this case, the cell was able to fire for 10 s at the same
rate, showing that the effect of the field is related to the exposure
duration. In Fig. 8b 20 s of current trace under control
conditions (the first 18 s are not reported in the figure) were
followed by 10 s under 900 MHz exposure. In this case, the
firing frequency remained constant at 3.00±0.27 Hz, during the
whole recording. A more quantitative analysis of the firing
frequency under the influence of EMF is only possible using
current-clamp experiments, where we can control parameters,
such as the membrane potential level, on which the neuronal
cell firing rate depends. In Fig. 9, we show stimulated action
potential trains under control condition and under the influence
of EMF. In Fig. 9a, three examples of stimulated current-clamp
recordings in control conditions are compared with three action
potential trains during the ELF exposure. A statistically
significant increase of action potentials number is shown at
the beginning of the train (100 ms) when the 50 Hz field is
present (n=4; P<0.05). After 1 s, the tendency to reduce action
potential rate is augmented by persistent field exposure even ifthis phenomenon is not statistically significant. Such a
behaviour is quantitatively summarized in the histograms at
the bottom, representing the number of action potentials in the
first 100 mss (left) and after 1 second (right). The same
experiment (Fig. 9b), performed using RF EMF, left unaltered
the number of action potentials for both short and long time
exposures.
4. Discussion
The main objective of the present study was to observe, in
parallel investigations, the effects of ELF and RF EMF on the
same preparation and under the same experimental conditions.
Although the two EM exposures are not directly comparable,
due to the dielectric properties of biological cultures, we had the
opportunity to evaluate the impact, at the molecular level, that
low-intensity EMFs at different frequencies could have on non-
stationary biological events.
Fig. 7. Analysis of calcium-activated potassium single channel current. In panel a, we show amplitude histograms (top), open-time (middle), and close-time
(bottom) plots calculated for single channel current traces under control conditions before, and after the exposure (left and right columns), and during the
exposure to 50 Hz EMF (central column). Panel b shows the same type of graphs. The central column concerns data obtained during exposure to 900 MHz
EMF.
603I. Marchionni et al. / Biochimica et Biophysica Acta 1758 (2006) 597–605The action potential represents the dynamic basic unit of
neuronal firing and results from the combination of the activities
of two main ionic currents: the voltage- and time-dependent fast
TTX-sensitive sodium and the delayed rectifier potassium
current.
According to our results, none of the two currents is
influenced by ELF or RF EMFs (Fig. 1), since all the values of
considered parameters (MP, dV/dt, dV/dtmax) never showed a
significant difference between control and EMF exposed cells.
Regarding the more complex mechanism of cell firing, our
results indicate that low-intensity ELF EMFs are able to
modulate firing frequency (Fig. 2) in two opposite ways. At
first, the exposure induces an increase of the action potential
frequency. This early phase is followed by a decrease of DRG
cells firing frequency that, in some cases, reaches a complete
silencing. Control cells, as well as RF exposed neurons, did not
show any significant modification in firing frequency, but
membrane potential oscillations lasted for several minutes
(Figs. 2, 8, 9). The behaviour of action potential repetitive firing
under the influence of the ELF EMF could be explained by theTable 4
Single calcium-activated potassium channel biophysical parameters
Control 1 50 Hz Control
pA 4.72±0.7 4.85±0.8 4.63±
Po 0.17±0.03 0.79±0.18 0.24±
τo 12.13±0.07 30.71±0.03 12.15±
τc 1 0.54±0.14 0.4±0.15 0.51±
2 78±0.94 7.84±0.19 81.88±
The table reports channel current amplitude (I), open probability (Po), open (τo) and c
1) and after (control 2) the EMF exposure, and to exposure conditions (50 Hz or 90potentiation of Ca and alteration of the ionic permeability of the
KCa channel. Our previous studies suggested that the ELF EMF
behaves like the calcium channel agonist Bay K 8644 [22],
modifying the voltage difference felt by the protein in the
membrane. Therefore, the effect of the field on calcium current
is probably mediated by the action on the membrane surface
charges [10].
Our experiments at single channel level took in consideration
ionic channels active during the repetitive action potential
[21,23]. More specifically, we focused our attention on high-
threshold calcium channel [18], being responsible for the
modulation of interspike interval during action potential burst
[17]. ELF EMF is able to modify the kinetics of the single
calcium channel, increasing the mean open time during the
exposure. On the basis of results obtained by Tonini and
colleagues [10], who showed that there was a shift in current
activation curve in whole-cell high-threshold calcium current
recordings under 50 Hz EMF exposure, the observed effect on
single channel current can be related to a shift in open
probability behaviour as a function of membrane potential (Fig.2 Control 1 900 MHz Control 2
0.6 4.83±0.8 4.68±0.4 4.79±0.12
0.06 0.15±0.03 0.09±0.05 0.09±0.06
0.09 10.8±0.08 8.06±0.14 11.88±0.12
0.16 0.16±0.14 0.32±0.17 0.35±0.22
0.67 110.63±0.14 156.2±0.11 143.61±0.42
lose (τc) times. Reported values are relative to control conditions before (control
0 MHz).
Fig. 8. Repetitive action current in the presence of EMF. Cell-attached experiment recording of DRG neuron spontaneous activity. The horizontal bar indicates when
the 50-Hz EMF (a) and 900-MHz EMF (b) were applied.
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cellular mechanism. ELF EMF, through the interaction with
surface charges, is able to change channel perception of the
voltage difference across the membrane of about 5/10 mV more
depolarized. It is known that high threshold calcium channel
open probability is upregulated by membrane depolarization
[19]. Thus, the charges moved through calcium channels during
field exposure increase, modifying, not only the depolarizing
slope between action potentials, but also the concentration of
calcium ions in the microdomains just below the plasma
membrane. There are two consequences due to the increase of
calcium entry: (a) a transitory increase of firing rate due to a
modification in the dV/dt preceding the upstroke (Fig. 9), andFig. 9. (a) DRG firing burst elicited by current injection, before (top left), and during
comparison between action potential number in the first 100 (left) and 1000 ms (ri
elicited by current injection, before (top left), and during the exposure to 50 Hz EM
potential number in the first 200 (left) and 2000 ms (right) for control and ELF EM(b) the activation of calcium-dependent potassium channels
(Fig. 6), resulting in a delayed reduction of firing frequency
(Fig. 9).
All the experiments on single ionic channels were done also
under EMF exposure to 900 MHz but, at least in our
experimental conditions and for the parameters adopted in the
present investigation, RF EMF does not show any interaction
with non-stationary biological events.
Conflicting results obtained for the two different exposure
conditions can be traced back to the specific response of cell
membrane to various frequencies. In particular, phenomena
underlying surface charges distribution under the action of an
EMF, such as counterions polarization and changes in thethe exposure to 50 Hz EMF (top right). At the bottom, the histograms show the
ght) for control and ELF EMF exposed recordings n=9). (b) DRG firing burst
F (top right) the bottom, the histograms show the comparison between action
F exposed recordings (n=7).
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relaxed at 900 MHz [24]. This is because charged particles
inertia prevents them from following rapid oscillations of the
EMF.
In conclusion, a RF EMF, inducing a SAR of 1 W/kg in the
biological specimen, does not interact, either directly or
indirectly, with ionic membrane permeability. On the contrary,
ELF EMF modulates the currents flowing through at least two
ionic channels: high threshold calcium channel and one of the
calcium-activated potassium channels. We believe this modu-
lation is indirect and mediated by changes occurring at surface
charge level. Although it is always possible a direct action of
EMF on membrane proteins, we have never observed
modifications in single-channel behaviours to justify such a
hypothesis.
Physiologically, DRG cell firing modulation by ELF EMF
could suggest a modification in the proprioceptive ability to
transduce external stimuli. Since we do not have, at the moment,
any precise indication with this respect, we are designing
experiments using nerve-skin preparation to test such a
suggestive hypothesis.Acknowledgments
This work was supported by the Italian Ministry of
Scientific Research, by intramural founds by the University “La
Sapienza”, Roma, Italy and by the Fondazione Silvio Tonchetti-
Provera, Milano, Italy.References
[1] B.M. Reipert, D. Allan, S. Reipert, T.M. Dexter, Apoptosis in
haemopoietic progenitor cells exposed to extremely low-frequency
magnetic fields, Life Sci. 61 (1997) 1571–1582.
[2] M. Feychting, U. Forssen, L.E. Rutqvist, A. Ahlbom, Magnetic fields and
breast cancer in Swedish adults residing near high-voltage power lines,
Epidemiology 9 (1998) 392–397.
[3] P. Hojevik, J. Sandblom, S. Galt, Y. Hamnerius, Ca2+ ion transport
through patch-clamped cells exposed to magnetic fields, Bioelectromag-
netics 16 (1995) 33–40.
[4] R.P. Liburdy, D.E. Callahan, J. Harland, E. Dunham, T.R. Sloma, P.
Yaswen, Experimental evidence for 60 Hz magnetic fields operating
through the signal transduction cascade. Effects on calcium influx
and c-MYC mRNA induction, FEBS Lett. 334 (1993) 301–308.
[5] R. Karabakhtsian, N. Broude, N. Shalts, S. Kochlatyi, R. Goodman, A.S.
Henderson, Calcium is necessary in the cell response to EM fields, FEBS
Lett. 349 (1994) 1–6.
[6] E.M. Goodman, B. Greenebaum, M.T. Marron, Effects of electromagneticfields on molecules and cells [Review] [41 refs], Int. Rev. Cytol. 158
(1995) 279–338.
[7] E. Barbier, B. Dufy, B. Veyret, Stimulation of Ca2+ influx in rat pituitary
cells under exposure to a 50 Hz magnetic field, Bioelectromagnetics 17
(1996) 303–311.
[8] W. Loscher, R.P. Liburdy, Animal and cellular studies on carcinogenic
effects of low frequency (50/60-Hz) magnetic fields [Review] [200 refs],
Mutat. Res. 410 (1998) 185–220.
[9] F. Madec, B. Billaudel, d.S. Charlet, P. Sartor, B. Veyret, Effects of ELF
and static magnetic fields on calcium oscillations in islets of Langerhans,
Bioelectrochemistry 60 (2003) 73–80.
[10] R. Tonini, M.D. Baroni, E. Masala, M. Micheletti, A. Ferroni, M.
Mazzanti, Calcium protects differentiating neuroblastoma cells during
50 Hz electromagnetic radiation, Biophys. J. 81 (2001) 2580–2589.
[11] A. Arcangeli, L. Ricupero, M. Olivotto, Commitment to differentiation of
murine erythroleukemia cells involves a modulated plasma membrane
depolarization through Ca2+-activated K+ channels, J. Cell. Physiol. 132
(1987) 387–400.
[12] M. Olivotto, A. Arcangeli, M. Carla, E. Wanke, Electric fields at the
plasma membrane level: a neglected element in the mechanisms of cell
signalling [Review] [70 refs], BioEssays 18 (1996) 495–504.
[13] Int. Commission non-ionizing radiation protection. Guidelines for limiting
exposure to time-varying electric, magnetic, and electromagnetic fields,
Health Phys. 74 (1998) 494–522.
[14] M. Liberti, F. Apollonio, A. Paffi, M. Pellegrino, G. D'Inzeo, A coplanar
waveguide system for cell exposure during electrophysiological record-
ings, IEEE Microwave Theory and Techniques Symposium, Fort Worth,
2004.
[15] K.C. Garg Gupta, R. Bahl, P. Barthia, Microstrip Lines and Slotlines, 2nd
ed. Artech House, Boston and London, 1996.
[16] S. Molfetta, F. Apollonio, M. Liberti, G. D'Inzeo, Low cost exposure set-
up for RF biological, experiments, Proc. of EBEA, 2003 Budapest.
[17] M. Mazzanti, A. Galli, A. Ferroni, Effect of firing rate on the calcium
permeability in adult neurons during spontaneous action potentials,
Biophys. J. 63 (1992) 926–934.
[18] A. Ferroni, A. Galli, M. Mazzanti, Functional role of low-voltage-activated
dihydropyridine-sensitive Ca channels during the action potential in adult
rat sensory neurones. Pflugers Archiv.-European, J. Physiol. 431 (1996)
954–963.
[19] A. Galli, A. Ferroni, L. Bertollini, M. Mazzanti, Inactivation of
single Ca2+ channels in rat sensory neurons by extracellular Ca2+,
J. Physiol. 477 (Pt. 1) (1994) 15–26.
[20] B.V. Safronov, U. Bischoff, W. Vogel, Single voltage-gated K+ channels
and their functions in small dorsal root ganglion neurones of rat, J. Physiol.
493 (Pt 2) (1996) 393–408.
[21] M. Mazzanti, L.J. DeFelice, Na channel kinetics during the spontaneous
heart beat in embryonic chick ventricle cells, Biophys. J. 52 (1987)
95–100.
[22] D. Pietrobon, P. Hess, Novel mechanism of voltage-dependent gating in L-
type calcium channels, Nature 346 (1990) 651–655.
[23] M. Mazzanti, L.J. DeFelice, K channel kinetics during the spontaneous
heart beat in embryonic chick ventricle cells, Biophys. J. 54 (1988)
1139–1148.
[24] K.R. Foster, H.P. Schwan, in: C. Polk, E. Postow (Eds.), Handbook of
Biological Effects of Electromagnetic Fields, CRC Press, Boca Raton,
1986.
